a b s t r a c t A d.c. reactive magnetron sputtering technique was used to deposit (Ti,Si,Al)N coatings onto WC-Co cutting tools. The microstructure of the coatings was analysed using X-ray diffraction (XRD) and highresolution transmission electron microscopy (HRTEM) measurement. Before the cutting experiments, the XRD results revealed a structure indexed to an fcc TiN. The results obtained by the XRD tests, with detector variation in asymmetric mode (rocking curves) showed a decrease in the quality of the fiber texture in the (111) grains with the change on deposition chamber geometry (two magnetrons in place of four magnetrons). Cross-sectional HRTEM images of the (Ti,Al)N sample showed grains with a diameter between 16 and 30 nm, while for the (Ti,Si,Al)N samples grains with a diameter between 6 and 10 nm were observed. Furthermore, through the visualization of bright field images it was possible to discern a columnar structure. For samples prepared at high deposition rates (2 mm/h), HRTEM micrographs revealed the formation of the multilayer stacking of (Ti,Si)N/(Ti,Al)N.
Introduction
The increasing requirements of high speed and dry cutting applications open up new demands on the quality of cutting tool materials. Traditional hard coatings, such as TiN single layer coatings, played an important role in the development stage in improving the wear resistance of cutting and forming tools. One of the drawbacks of TiN is its limited oxidation resistance to the high temperatures that can be reached during the cutting process. The temperature at the contact between the chip and the tool can rise up to 1200 C [1, 2] . For these extreme cutting conditions (high temperatures/oxidation) chemical resistance is one of the most important requirements for hard coating [3] . Cubic boron, c-BN, nitride coatings have been considered the best solution for cutting applications, such as steel machining, because of their chemical resistance and hardness at high cutting temperatures, [4] . Nevertheless, c-BN deposited by PACVD suffers from high compressive internal stresses that can lead to the premature failure of the tools [5] . (Ti,Al)N coatings can also be an alternative since they exhibit a great improvement in the oxidation resistance, when compared to TiN coatings, as it is possible to use them at temperatures up to 800 C [6, 7] . Thus, the most important criteria for the selection of a coating material for tribological applications include resistance against oxidation, high hardness, high stiffness and a low coefficient of friction. Recently, nanocomposite coatings have attracted increasing interest because of the possibility to combine all of these properties. Among them, coatings of the (Ti,Si)N system are the most studied [8] [9] [10] [11] , with reports suggesting that that their nanostructure consists of cubic TiN nanocrystallites embedded in an amorphous matrix of silicon nitride. The superhardness of these composites was attributed to the strong resistance of both the crystalline (nc-TiN) and amorphous (a-Si 3 N 4 ) phases having a high cohesive energy at the interface. The usual mechanisms of plastic deformation and crack propagation are absent or hindered, so that mechanical failure in such materials only arises at very high loadings [12] . Previous research with a (Ti,Si,Al)N system [13, 14] has demonstrated that these films could belong to this class of nanocomposite materials. It was shown that the hardness increases with a small addition of Si to the (Ti,Al)N system, with the maximum value obtained for a Si content between 2 and 6.5 at.% (values were in the range 45-57 GPa [15] ). Also, an increase in the thermal stability of these coatings was observed allowing temperatures over 900 C to be attained without significant structural transformation [16] . Furthermore, Vaz et al. [17] have shown that a Ti 0.27 Al 0.53 Si 0.2 N coating exhibited better oxidation resistance at 900 C than a Ti 0.35 Al 0.65 N coating.
Also, in previous work [18] , nanocomposite (Ti,Si,Al)N and (Ti,Al)N coatings have been deposited onto cermet cutting tools and were compared with a commercial coating (one of the best solutions actually available in the market for high speed turning, consisting of a multilayer formed by TiCN, Al 2 O 3 and TiN, deposited by thermal CVD, which is only suitable for coating high temperature resistant substrates, such as cemented carbides) used as a reference, when tested in dry cutting operation. The results showed that for high cutting speeds the cutting performance of (Ti,Si,Al)N coated tools could be better than that presented by the commercially available one. Also, the tools coated with (Ti,Si,Al)N showed better cutting performance than the tool coated with (Ti,Al)N. This paper reports the correlation between (Ti,Al,Si)N microstructure and this wear behaviour.
Experimental details

Deposition of the coatings
(Ti,Si,Al)N coatings were deposited on cutting tools of WC-Co by reactive magnetron sputtering, in an Ar/N 2 atmosphere, using a custom made equipment. Rectangular magnetron cathodes of the type 2 were used in a closed field configuration. Two series of samples were produced. Further, detailed information regarding some of the deposition parameters is presented in Table 1 , as well as elsewhere [18] . Energy dispersive X-ray spectrometry (EDS), X-ray diffraction (XRD) and high-resolution transmission electron microscopy (HRTEM) were used in order to evaluate the chemical composition, the structure and the microstructure of the coatings, respectively.
Results and discussion
Texture and phase formation -X-ray diffraction analysis
XRD diffraction peaks are displayed in Fig. 1 . As discussed in previous works [13] [14] [15] [16] 18 ] XRD experiments showed the development of an fcc structure, similar to TiN. Analysis of the figures indicates the presence of a mixture of crystalline phases. For the case of the sample P7-Ti 0.56 Al 0.46 N 0.98 a lattice parameter of 0.419 nm was obtained. This parameter is associated with the formation of a solid solution, where Al atoms replace Ti atoms in TiN cubic lattice, maintaining the fcc structure [19] .
When pulverizing using both Ti(Si) and TiAl targets simultaneously, an increase in lattice parameter was observed. In films with a low Al concentration, give rise to the diffraction peaks at lower angles. For a sample produced with the two magnetron configuration (P3 -Ti 0.82 Si 0.08 Al 0.14 N 0.96 -sample) a lattice parameter of 0.425 nm was found. This must be related with an eventual segregation of Si atoms, which enhances the formation of TiN and Ti(Al)N grains. In fact, if Si atoms were substituting Ti atoms in the TiN lattice, a decrease in the lattice parameter should be observed in relation to the P6 -Ti 0.86 Si 0.04 Al 0.18 N 0.92 and P10 -Ti 0.86 Si 0.03 Al 0.16 N 0.95 films, which have a lower Si content (due to the lower atomic radius of Si in comparison to Ti). The presence of segregated Si atoms can be sufficient to nucleate and develop an amorphous matrix of Si 3 N 4 [13, 14, 20] . Thus, the formation of an nc-TiN/a-Si 3 N 4 /nc-TiAlN should be expected. An Al segregation, with subsequent AlN precipitation, as already reported on (Ti,Al)N films, should not be considered, taking into account the low lattice parameter found for this coating, indicating the presence of Al in solid solution in the cubic TiN lattice [21] .The shift observed in the peak position of P3 -Ti 0.82 Si 0.08 Al 0.14 N 0.96 coated tool, can also be attributed to the compressive residual stress effect [18] .
This sample shows a strong preferential orientation crystallite growth 
Fiber texture -rocking curves
The results obtained by the X-ray diffraction tests with detector variation in asymmetric mode (''rocking curves''), for the most intense diffraction region in the diffractograms of the samples, are shown in Fig. 2 . Analysis of the data shows that there is a lower quality in the fiber texture of the grains (111) of the samples made with 4 magnetrons (tools 6, 7 and 10). The misorientation of the grains is approximately 13 . The samples made using two magnetrons (tool 3) the misorientation is approximately 6 . These results are in accordance with the strong preferential orientation crystallite growth (111) observed in Fig. 1 . The fact that the FWHM is greater than 7 in the samples made with four magnetrons is an indication of the lower texture in the samples, but that does not mean an aleatory growth of the grains. It can be attributed to a rising number of grains growing in the same direction but with a determined inclination to the sample surface.
High-resolution transmission electron microscopy analysis
By the use of high-resolution transmission electron microscopy (HRTEM), it was possible to analyze the morphology, texture and to estimate the grain size of the samples. A cross-section TEM image of the (TiAl)N sample (P7 -Ti 0.56 Al 0.46 N 0.98 ) and respective selected area diffraction (SAD) patterns are shown in Fig. 3 . This figure shows a dark-field image, indicating a typical columnar grow. It is possible to confirm from the diffraction patterns obtained that this sample is a polycrystalline coating with an fcc structure. The lines illustrated in the inset represent a diffraction ring simulation corresponding to a typical TiN structure, with the lattice parameter obtained by X-ray (0.419 nm). With this image it is possible to distinguish the different rings that correspond to the reflection of most important families' atomic plans found in this sample. The analysis of the Debye-Scherrer rings (see the diffraction patterns in the inset of Fig. 3 ) also indicates growth on the (111), (200) and (220) planes, which is in agreement with XRD results.
A closer look at Fig. 4 (HRTEM image for P7 -Ti 0.56 Al 0.46 N 0.98 sample) reveals that crystallites with sizes of 16 and 30 nm can be distinguished. However, one must be careful in distinguishing large grains from clusters of extremely fine grains in close crystallographic orientation, since the grain boundaries can be difficult to discern.
The TEM results show that the P10 -Ti 0.86 Si 0.03 Al 0.16 N 0.95 sample also presented a columnar structure, a feature which is typical of coatings grown under low energetic ion bombardment and limited adatom mobility conditions [23] . It was observed that the column diameter increases with increasing film thickness, therefore, this broadening can be explained by considering the three stages of development of textures in PVD coatings, which are nucleation, competitive growth and steady growth [24] .
In Fig. 5 , the selected area diffraction (SAD) patterns, for the P10 -Ti 0.86 Si 0.03 Al 0.16 N 0.95 sample, confirm the formation of an fcc structure, as well as the existence of grains with growth (111), (200) and (220) parallel in orientation to the surface of substrate. This behaviour agrees with the XRD, where only these three reflections were detected. From the rings in the SAD patterns of the polycrystalline sample, it is also possible to identify the formation of two groups of grains. In one group, the grains are orientated relative to the preferential direction of growth with a misorientation ca. 15 , and in the other group, the grains are more randomly distributed. The arcs in the SAD pattern are typical of a nanocrystalline structure. This is in agreement with the HRTEM micrograph presented in Fig. 6 for P10 -Ti 0.86 Si 0.03 Al 0.16 N 0.95 sample. In fact, the nanocrystalline nature of the (Ti,Al)N grains is revealed by a dispersion of the grain sizes between 6 and 10 nm, although these differences can also relate to the possible superposition of different grains. In the case of films deposited with the same geometrical arrangement, the addition of Si gives rise to a reduction in the grain size (comparing tool 7 and tool 10 samples). When there is sufficient surface mobility, silicon can segregate towards the grain boundaries of the transition-metal nitride and nucleate a Si-N phase. The presence of this amorphous phase can contribute to the fixing of the boundaries of the nanocrystallites, thus, limiting their growth [25, 26] . For a constant substrate rotation speed, when the deposition rates are sufficiently high, as is the case for P3 -Ti 0.82 Si 0.08 Al 0.14 N 0.96 sample, the use of (Ti,Al) and (Ti,Si) targets in opposition arrangement, promotes an alternate deposition that results in a multilayer of (Ti,Si)N/(Ti,Al)N type. This film was produced with a modulation period (L) of 4.7 nm, as shown in the HRTEM micrograph in Fig. 7 . In this particular case the sample was grown with a deposition rate of 2 mm/h. Further detailed information regarding the presence of this multilayer growth can be found elsewhere [27] .
Conclusion
The performance of the Ti-Al-N (P7 -Ti 0.56 Al 0.46 N 0.98 samplesolid solution) coating is worst at high cutting speed compared with the nc-(Ti,Al)N/a-SiN x coating. Because of an enhancement in nanocrystal/amorphous phase segregation it is more favorable to machine the work-pieces. However, the tribological performance of (Ti,Al,Si)N coatings to cutting tools only partially correlates with this structural arrangement. In the literature, large improvements in wear properties were reported for multilayered coatings, compared with the single-layer coatings. In fact, the increase in the wear behaviour of the P3 -Ti 0.82 Si 0.08 Al 0.14 N 0.96 coating can be related with the development of a multilayer system, as detected by HRTEM results. corresponding to this zone is in the inset.
